Abstract. Resonances and continuum states of He isotopes are investigated using the cluster orbital shell model (COSM) with the complex scaling method (CSM). We discuss the following subjects: 1) Spectroscopic factors of the unbound nucleus 7 He into the 6 He-n components and their relation to the one-neutron removal strengths of 7 He. , all open channels are taken into account explicitly, so that we can treat the many-body decaying phenomena. In this study, we discuss the structures of the four-and five-body resonances of 7 He and 8 He, respectively, including the full couplings with 5, 6 He[5, 6, 7] . The resonances are described as Gamow states using the complex scaling method (CSM) [8, 9] , under the correct boundary conditions for all decay channels.
Introduction
Recently, many experiments on He isotopes have been done [1, 2, 3] and the exotic structures in those nuclei have been reported. The ground states of 6 He and 8 He have found to exhibit the halo and skin structures of valence neutrons, respectively, which are loosely bound system surrounding the α particle. On the other hand, the structures of the excited states in He isotopes are not understood yet. For He isotopes, most of the states are located above the threshold energy of the α emission [2] . This fact indicates that the resonances of He isotopes can decay into various channels, such as, for 8 He, the channels of 7 He+n, 6 He+2n, 5 He+3n and 4 He+4n. These multiparticle decays make it difficult to observe the excited states of He isotopes [1] .
In the theory to describe the resonances, it is important to satisfy the multiparticle decay condition for all open channels. Emphasizing this condition, we employed the cluster orbital shell model (COSM) [4] of the 4 He+N v n systems for He isotopes, where N v is a valence neutron number around 4 He. In COSM, all open channels are taken into account explicitly, so that we can treat the many-body decaying phenomena. In this study, we discuss the structures of the four-and five-body resonances of 7 He and 8 He, respectively, including the full couplings with 5, 6 He [5, 6, 7] . The resonances are described as Gamow states using the complex scaling method (CSM) [8, 9] , under the correct boundary conditions for all decay channels.
The successful results of He isotopes are obtained for energies and decay widths. The spectroscopic factors (S factors) of 7 He into 6 He-n are shown to clarify the coupling between the halo state of 6 He and a last neutron in 7 He. For 8 He, we concentrate on the 0 + states and predict the excited five-body resonances. We also show the monopole strength into the unbound states of 8 He. This quantity is useful to see the characteristics not only of the resonances, but also of non-resonant continuum states of 8 He. We also clarify the contributions of two kinds of the final states of 6 He+2n and 4 He+4n. Similar analysis has been performed in the three-body Coulomb breakups of halo nuclei [11, 12] .
Method
We use COSM to describe He isotopes with the following Hamiltonian [5, 6, 7] ;
where t i and T G are the kinetic energies of each particle (n and α) and of the center of mass of the total system, respectively. The α-n interaction V αn is given by the microscopic KKNN potential [9, 13] . The n-n interaction V nn is given by the Minnesota potential [14] with modification of the strength to fit the energy of the 6 He ground state. In COSM, the total wave function Ψ J with mass number A and a spin J is represented by the superposition of the different configurations Φ J c as
where 4 He corresponds to a vacuum |0 . The creation operator a † α is for the single particle state of a valence neutron above the 4 He core, with the quantum number α = {n, ℓ, j} in a jj coupling scheme. Here, the index n represents the different radial component. The orbit of valence neutrons is taken up to d-waves. We expand the neutron radial wave function using the Gaussian expansion method [9, 10] . The index c represents the set of α i as c = {α 1 , · · · , α Nv }. We take a summation over the available configurations in Eq. (2), which have a fixed total spin J. The expansion coefficients {C J c } in Eq. (2) are determined by diagonalization of the Hamiltonian matrix elements.
The complex scaling method (CSM) is applied to describe the many-body resonances. In CSM, we transform the relative coordinates r i between 4 He and n in COSM, as r i → r i e iθ for i = 1, · · · , N v , where θ is a scaling angle. The Hamiltonian in Eq. (1) is transformed into the complex-scaled Hamiltonian H θ , and the complex-scaled Schrödinger equation is given as
The eigenstates Ψ J θ are obtained by solving the eigenvalue problem of H θ in Eq. (3). In CSM, we obtain all the energy eigenvalues E θ of bound and unbound states on a complex energy plane, governed by the ABC theorem [8, 9] . In this theorem, it is proved that the boundary condition of Gamow resonances is transformed to the damping behavior at the asymptotic region. This condition makes it possible to use the same method of obtaining the bound states for resonances. The non-resonant continuum states are described being orthogonal to the Gamow resonances. For the 8 He case, the non-resonant continuum states of 7 He+n, 6 He+2n, 5 He+3n and 4 He+4n are obtained as well as the bound states and the resonances of 8 He. These states of 8 He consist of the extended completeness relation (ECR) using CSM [7, 9, 11] for the five-body system as We show the obtained energy spectrum of He isotopes in Fig. 1 
7 He
We discuss the structures of 7 He. We calculate the S factors of the 6 He-n components of the 7 He resonances, listed in Table 2 . It is noted that the present S factors correspond to the components of 6 He inside the 7 He resonances and contain the imaginary part [6] . For the 3/2 − 1 state, the 6 He(0 + 1 )-n component almost shows a real value with a small imaginary part. This real part well corresponds to the recent observation of 0.64 ± 0.09 [19] . The 6 He(2 In relation to S factors, in Fig. 2 , we show the one-neutron removal strength S(E) of 7 He(3/2 − 1 ) into 6 He with spin J, as functions of the energy E of 6 He. In the strength, the non-resonant continuum states of 6 He, namely, 5 He+n and 4 He+n+n components are included as well as the resonant contributions obtained in S factors. We show the results of the positive parity states of 6 He, while the negative parity strengths give negligible contributions. The dominant component comes from the 6 He(2 + ) state in Fig. 2 (a) , whose strength has a peak at the resonance energy of 2 + 1 . For the energy region above the 4 He+n+n threshold, the 0 + , 1 + and 3 + states give small contributions in the strengths, as shown in Fig. 2 (b) . From these results, it is concluded that the one-neutron removal strength of 7 He(3/2 states of 8 He is interesting in relation to the dineutron-like cluster correlation [20] .
Finally, we calculate the monopole transition of 8 He and see the effect of the 0 + 2 resonance. In Fig. 4 , the monopole strengths for isoscalar (IS) and isovector (IV) responses are shown. It is found that two strengths commonly show the low energy enhancement just above the threshold energy. There is no clear signature of the 0 + 2 state around its excitation energy of 6.29 MeV in both strengths. In fact, the transition matrix elements from the ground state into the 0
Gamow state are obtained as 1.78− i0.38 fm 4 for IS and −0.003+ i0.018 fm 4 for IV, respectively. These values are so small in comparison with the total strengths. This result is understood from the single particle structures of the 0 6 He to produce the excited states of 8 He. Experimentally, the 6 He(t,p) 8 He reaction was reported without spin assignment [3] .
We extract the continuum components of the monopole strengths in Fig. 4 . It is found that the two strengths dominantly come from the 7 He(3/2 − 1 )+n components. This selectivity of the continuum states is related to the properties of the monopole operator, which excites one of the relative motions in 8 He. As a result, the intercluster motion between the 7 He cluster and a valence neutron is strongly excited from the 8 He ground state. This result indicates the sequential breakup process of 8 He(G.S.) → 7 He(3/2 − 1 )+n → 6 He(G.S.)+n+n in the monopole excitations, instead of the 0 + 2 resonance and the 4 He+4n five-body breakup states.
Summary
We have investigated the structures of 7, 8 He using the five-body cluster model with the correct boundary condition for resonances. The calculated S factors of 7 He indicate that the 1/2 − resonance is dominantly the weakly coupled state consisting of a halo state of 6 He and a valence neutron. The one-neutron removal strength of 7 He is successfully obtained and the importance of the 6 He(2 + 1 )+n channel is shown. We also predict the five-body 0 + 2 resonance of 8 He, which dominantly has a (p 3/2 ) 2 (p 1/2 ) 2 configuration. We further investigate the monopole strengths of 8 He in the breakup energy region. It is dominant that the sequential breakup process of 8 He via the 7 He+n states into the 6 He+2n three-body final states.
